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Interlocked mismatch-aligned arrowhead DNA motifs 
Abdelali Kettani1†, Serge Bouaziz1†, Eugene Skripkin1, Ananya Majumdar1,
Weimin Wang2, Roger A Jones2 and Dinshaw J Patel1*
Background: Triplet repeat sequences are of considerable biological
importance as the expansion of such tandem arrays can lead to the onset of a
range of human diseases. Such sequences can self-pair via mismatch
alignments to form higher order structures that have the potential to cause
replication blocks, followed by strand slippage and sequence expansion. The
all-purine d(GGA)n triplet repeat sequence is of particular interest because
purines can align via G•G, A•A and G•A mismatch formation. 
Results: We have solved the structure of the uniformly 13C,15N-labeled
d(G1-G2-A3-G4-G5-A6-T7) sequence in 10 mM Na+ solution. This sequence
adopts a novel twofold-symmetric duplex fold where interlocked V-shaped
arrowhead motifs are aligned solely via interstrand G1•G4, G2•G5 and A3•A6
mismatch formation. The tip of the arrowhead motif is centered about the
p-A3-p step, and symmetry-related local parallel-stranded duplex domains are
formed by the G1-G2-A3 and G4-G5-A6 segments of partner strands. 
Conclusions: The purine-rich (GGA)n triplet repeat sequence is dispersed
throughout the eukaryotic genome. Several features of the arrowhead duplex
motif for the (GGA)2 triplet repeat provide a unique scaffold for molecular
recognition. These include the large localized bend in the sugar—phosphate
backbones, the segmental parallel-stranded alignment of strands and the
exposure of the Watson–Crick edges of several mismatched bases.
Introduction
DNA can adopt a range of multi-stranded structures [1]
that go beyond the standard Watson–Crick paired antipar-
allel double helix [2]. At the duplex level these structures
range from left-handed Watson–Crick paired Z DNA [3],
to parallel-stranded DNA aligned via Watson–Crick [4]
and mismatch [5] alignments, to zipper-like DNA struc-
tures that involve cross-strand interdigitation of bases
[6,7], to multi-stem helical junctions [8]. Multi-stranded
helices include DNA triplexes, which involve positioning
of a third strand in the major groove with the strand direc-
tionality defined by a base triple recognition code and pH
[9–12]. They also include DNA quadruplexes formed by
guanine-rich segments that align via G•G•G•G [13–16]
tetrad formation or cytosine-rich segments that align via
interdigitative i-motif formation [17,18]. 
A range of human diseases are associated with expansion
of triplet repeats in genomic DNA [19–21]. The associ-
ated genetic instability is dependent upon repeat tract
length with values ranging from n ≈ 30 in normal individ-
uals, to n in the hundreds in premutation carriers and n
in the thousands in individuals severely afflicted with
the disease. To date, expansion of d(CGG)n•d(CCG)n
repeats are associated with the fragile-X syndrome,
expansion of d(CAG)n•d(CTG)n repeats are associated
with Kennedy’s and Huntington’s disease, myotonic dys-
trophy and spino-cerebella ataxia, and expansion of
d(AAG)n•d(TTC)n repeats are associated with
Friedrich’s ataxia. Such triplet repeat sequences can be
interrupted by the d(GGA)•d(CCT) triplet, with the
severity of the genetic instability modulated by such
triplet interruptions. To date little is known about the
higher-order structures of such triplet repeat sequences,
with models of pairing alignments ranging from mis-
match-containing duplexes, to triplexes and quadru-
plexes [reviewed in 22]. The all-purine d(GAA)n and
d(GGA)n triplet repeat sequences are of considerable
interest because purines can align via a range of G•G,
A•A and G•A mismatches, which in turn can participate
in triplex and quadruplex formation.
Tandem arrays based on the GGA triplet have been found
in portions of the human and mouse cellular DNA that
cross-hybridize strongly with the internal direct repeat
(IR3) repetitive region of Epstein Barr virus [23]. Tandem
arrays of GGA and GAA triplets have also been found in
the S1 nuclease sensitive microsatellite (STMS) DNA
belonging to the rat polymeric immunoglobulin receptor
gene (PIGR). Elements within the STMS DNA get
expressed variably in the 3′ untranslated regions of the two
groups of PIGR-encoded messenger RNAs during liver
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regeneration, which results in the amplification of the GGA
triplet repeat and truncation of the GAA triplet repeat in
both messenger RNA groups [24].
We report below on a new DNA motif at the duplex
level, called the V-shaped ‘arrowhead’ motif, where two
interlocked strands related by symmetry align solely via 
mismatch formation. Significantly, this motif has
been identified for the d(G1-G2-A3-G4-G5-A6-T7)
7mer sequence (note that T7 can be replaced by G7),
which contains tandem repeats of the GGA triplet
repeat sequence.
Results and discussion
NMR spectra and strand stoichiometry
We have scanned a large number of sequences contain-
ing (GGA)n triplet repeats (n = 2–4) as a function of
monovalent cation and its concentration in order to iden-
tify those sequences that give unusual nuclear magnetic
resonance (NMR) spectra of a quality amenable to struc-
tural characterization. We have observed excellent
quality proton-NMR spectra corresponding to a single
conformer for the d(G1-G2-A3-G4-G5-A6-T7) sequence
in 10 mM Na+ cation containing solution as shown by
the spectrum (7.0–14.5 ppm) of this sequence recorded
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Figure 1
NMR spectra, strand stoichiometry and
hydrogen exchange. (a) Proton NMR spectra
(7.0–14.5 ppm) of the d(GGAGGAT) duplex
in H2O buffer (10 mM NaCl, 2 mM
phosphate), pH 6.6 at 0°C. The imino and
amino protons are assigned over the
spectrum. (b) Proton difference spectrum of
15N decoupled and 15N coupled spectra of
the d(GGAGGAT) duplex 15N-labeled at the
N1, N2 and N7 positions and C13-labeled at
the C2 position of G5 and 15N-labeled at the
N1, N6 and N7 positions of A6 at 0°C. The 15N
labeling approach readily identifies the imino
proton of G5 (one-bond coupling to N1), the
amino protons of G5 and A6 (one-bond
coupling to N2 and N6, respectively), the H8
protons of G5 and A6 (two-bond coupling to
N7) and the H2 proton of A6 (two-bond
coupling to N1). (c) A plot of the
concentration of the d(GGAGGAT) multimer
versus the concentration of d(GGAGGAT)
single strand as monitored by the average of
the three most resolved peaks [A6(H8),
A6(H2) and T7(H6) protons] in the multimeric
state and the three most resolved peaks in the
single-strand state. Equilibration was
approached either from the folded state (no
heating) or from the unfolded state (heated for
2 minutes at 100°C followed by rapid cooling)
with data points represented by squares and
circles, respectively. The samples were
equilibrated for 20 days at 4°C prior to
recording spectra and measuring intensities at
4°C. The slope of this curve is 2.2 ± 0.2
based on the best fit to the data. This value
was determined either with gnuplot or
Kaleidagraph, both of which involve linear
coordinates on both axis. (d) A plot of
exchange times in seconds determined from
magnetization transfer experiments for the
imino protons of G2 (closed circles), G4
(open squares) and G5 (open circles) in the
d(GGAGGAT) duplex and control cyclic
3′,5′-dGMP (open triangles) as a function of
pH at 0°C. The lines are fitted to the following
equation: kOH = qOH 10(pH–pKi), where kOH is
the exchange rate due to OH–, pKi is the
ionization product of water and qOH is the rate
constant for the formation of the
donor–acceptor complex. The values are
pKi ≈ 15 and qOH = 2.93 × 1010 s–1 for the
control. The fit for G2 is the same as the
control but shifted by 1.5 units of pH. The
exchange times (0°C) of the G4 and G5 imino
protons in the plateau region between pH 4
and 8 are longer than 1 second as monitored
from magnetization transfer experiments and
shorter than 1 minute as monitored by real-
time proton to deuterium exchange.
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in H2O buffer, pH 6.6 at 0°C in Figure 1a. This spec-
trum is one of equivalent strands on the NMR time
scale. We detect imino protons between 13.0 and
14.0 ppm characteristic of hydrogen bonding to nitrogen
atom acceptors, imino protons between 10.0 and
11.5 ppm, as well as hydrogen-bonded amino protons
between 8.0 and 9.5 ppm.
We next addressed the issue of the number of strands that
define the architecture of this structure by undertaking a
systematic study of the concentration dependence of this
folded form relative to the unstructured single-stranded
form detectable in slow equilibrium at lower concentra-
tions. This analysis was followed using the base protons in
the two forms as markers and was undertaken following
equilibration at 4°C for 20 days. To remove potential bias,
the equilibration data were collected under conditions
where the samples were either not heated, or alternately
heated to 100°C followed by rapid cooling, prior to the
onset of the equilibration process. The combined data are
plotted in Figure 1c and yield a strand stoichiometry for
the folded form of 2.2 ± 0.2. These data favor a two-
stranded folded form of the d(GGAGGAT) sequence in
10 mM Na+ cation containing solution. The alternate pos-
sibility of a three-stranded structure has also been given
consideration and is evaluated later in the paper. 
Proton-resonance assignments
The unambiguous assignment of the exchangeable imino
and amino proton resonances and nonexchangeable purine
H8 and H2 proton resonances was achieved by specific
incorporation of 15N,13C-labeled nucleoside (N1, N2,
N7-15N, C2-13C-labeled guanine and N1, N6, N7-15N-
labeled adenine) phosphonates at the G5 and A6 positions
within the d(G1-G2-A3-G4-G5-A6-T7) sequence. These
labeled analogs result in the splitting of the imino proton
resonance (one-bond coupling to N1), the amino proton
resonances (one-bond coupling to N2 for guanines and N6
for adenines), as well as the base H8 (two-bond coupling
to N7) and H2 (two-bond coupling to N1 for adenines) res-
onances. The unambiguous nature of the imino, amino,
H8 and H2 proton assignments can be readily seen in the
difference spectrum between 15N-coupled and 15N-decou-
pled spectra for the d(GGAGGAT) sequence containing
labels at G5 and A6 shown in Figure 1b.
The assignment of the imino and amino protons in the
d(GGAGGAT) sequence was completed following analysis
of the expanded nuclear Overhauser effect spectroscopy
(NOESY) spectrum recorded in H2O buffer, pH 6.6 at 0°C
(see Supplementary Figure S1a). The key NOE cross
peaks are labeled and their assignments listed in the
caption to Figure S1a. The chemical-shift differences (∆δ)
between the two amino protons of G2 (∆δ = 3.43 ppm), A3
(∆δ = 1.60 ppm) and A6 (∆δ = 2.26 ppm) are large, indica-
tive of one hydrogen-bonded and one exposed amino
proton for each of these residues in the mismatch-aligned
d(GGAGGAT) architecture.
We observe equally narrow resonances for the upfield-
shifted G2 (10.27 ppm) and downfield-shifted G4
(13.85 ppm) and G5 (13.10 ppm) imino protons in the
d(GGAGGAT) sequence in H2O buffer, pH 6.6 at 0°C.
We have therefore measured the exchange times of these
three imino protons, as well as cyclic 3′,5′-dGMP control,
as a function of pH at 0°C with the data plotted in
Figure 1d. We note that the imino proton of G2 exchanges
faster than its downfield-shifted G4 and G5 counterparts,
but slower than cyclic 3′,5′-dGMP control. The exchange
time of the G2 imino proton is shifted by ≈ 1.5 log units
relative to the same proton in the control cyclic
3′,5′-dGMP over the pH range 4–9. These data are consis-
tent with the imino N1 position of G2 being exposed but
partly shielded from solvent.
The assignment of the phosphorus (see Supplementary
Figure S2a) and nonexchangeable proton resonances was
achieved following analysis of through-bond 1H-31P total-
correlation spectroscopy (TOCSY) (see Supplementary
Figure S2b) and through-space NOESY (see Supplemen-
tary Figure S1b) spectra of the d(GGAGGAT) sequence
in D2O buffer, pH 6.6 at 0°C. The sequential NOE con-
nectivities between the base protons and their own and
5′-linked sugar H1′ protons are traced in the expanded
NOESY contour plot shown in Figure S1b. The strong
NOE between the base H8 and sugar H1′ protons of G1,
which persists in a short mixing time NOESY data set,
defines a syn alignment at this residue in the duplex. The
above assignments were confirmed following characteriza-
tion of the d(GGAGGAT) sequence where G1 was
replaced by I1. The exchangeable and nonexchangeable
proton chemical shifts and phosphorus chemical shifts for
the d(GGAGGAT) sequence in 10 mM Na+ are listed in
Supplementary Table S1.
Intrastrand and interstrand NOE differentiation in a
symmetrical fold
The symmetry of the d(GGAGGAT) fold makes it critical
to unambiguously differentiate between intrastrand and
interstrand contributions for key NOEs that define the
folding topology in solution. We approached this problem
by enzymatically preparing uniformly 13C,15N-labeled
d(GGAGGAT) following a modification of the Zimmer and
Crothers procedure [25], as outlined in the Materials and
methods section. We next prepared a sample containing an
equimolar mixture of unlabeled and uniformly 13C,15N-
labeled d(GGAGGAT) sequences and recorded 13C-edited,
13C-filtered NOESY [26,27] and 15N-edited, 15N/13C-fil-
tered NOESY [28,29] spectra to identify interstrand NOEs
and differentiate them from their intrastrand counterparts
for the 50% component in the mixture where the duplex
contains one unlabeled and one uniformly labeled strand.
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The observed interstrand NOEs between base protons are
boxed in the expanded contour plot (symmetrical
7.0–8.8 ppm region) of the 13C-edited, 13C-filtered
NOESY [26,27] spectrum recorded in D2O solution in
Figure 2a. Note that a strong interstrand NOE is observed
between symmetry-related G1(H8) protons on partner
strands, as well as between the base protons of G2 and A6
and between the base protons of A3 and G5 in the
d(GGAGGAT) sequence.
The observed interstrand NOEs between base, amino and
sugar H1′ protons are boxed in the expanded contour plot
(symmetrical 5.5–9.2 ppm region) of the 15N-edited,
15N/13C-filtered NOESY [28,29] spectrum recorded in H2O
solution in Figure 2b. Significantly, interstrand NOEs are
observed between the guanine NH2 and H1′ protons of G2
and G5 and between the adenine NH2 and H8 protons of
A3 and A6 in the d(GGAGGAT) architecture. 
Hydrogen-bonding alignments from 2JNN scalar couplings
Recent publications from the Grzesiek [30] and Wüthrich
[31] laboratories have outlined an approach for identifying
pairing alignments across Watson–Crick G•C and A•U/T
base pairs in 15N-labeled RNA and 15N-labeled DNA,
respectively. Two-bond 2JNN scalar couplings were used to
correlate the imino donor 15N nucleus and the acceptor
15N nucleus across the central hydrogen bond of both
Watson–Crick G•C and A•U/T base pairs [30,31]. 
We have extended this approach to monitor N–H•••N
pairings involving both imino and amino donors across
mismatch pairs in the uniformly 13C,15N-labeled
d(GGAGGAT) sequence. We detect two examples of
2JNN scalar couplings between guanine N1 imino donors
and guanine N7 acceptors as shown in Figure 3a. We also
detect two examples of 2JNN scalar couplings between the
guanine N2 amino donors and guanine N3 acceptors as
shown in Figure 3b. Finally, two examples of 2JNN scalar
couplings are detected between adenine N6 amino donors
and adenine N7 acceptors [32]. 
These experiments define N–H••N hydrogen-bonding
alignments across mismatch pairs but cannot differentiate
between intrastrand and interstrand pairings in the
d(GGAGGAT) sequence. These hydrogen-bonding
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Figure 2
Identification of interstrand NOEs. (a) An expanded 13C-edited (ω1), 
13C-filtered (ω2) NOESY (mixing time = 200 ms) contour plot of the
symmetrical base proton region (7.0–8.8 ppm) of a 1:1 mixture of
unlabeled and uniformly 13C, 15N-labeled d(GGAGGAT) (1 mM single-
strand concentration) in D2O buffer, pH 6.6 at 0°C. The relevant cross
peaks identifying intermolecular NOEs G1(H8)–G1(H8),
G5(H8)–A3(H2) and G2(H8)–A6(H2) are labeled in the spectrum. The
peaks linked by horizontal lines represent incompletely purged
13C-bound diagonal protons. The splittings along ω2 (≈ 170–220 Hz) are
due to the absence of 13C-decoupling during acquisition. (b) Expanded
15N-edited (ω1), 15N,13C-filtered (ω2) NOESY (mixing time = 200 ms)
contour plot of the symmetrical base and amino proton region
(5.4–9.2 ppm) of a 1:1 mixture of unlabeled and uniformly 
13C, 15N-labeled d(GGAGGAT) (1 mM single-strand concentration) in
H2O buffer, pH 6.6 at 0°C. The relevant cross peaks identifying
intermolecular NOEs G5(H1′)–G2(NH2), G2(H1′)–G5(NH2),
A3(H8)–A6(NH2) and A6(H8)–A3(NH2) are labeled in the spectrum. In
addition, intermolecular NOEs labeled a to l are assigned as follows. 
a: A6(H8)–G2(NH2); b and c: G5(NH2)–G2(NH2); d: A3(H8)–A6(NH2);
e: G2(H8)–A6(NH2); f: G2(H1′)–A6(NH2); g: A6(H8)–A3(NH2);
h: G5(NH2)–G1(H8); i: G5(NH2)–G1(H8); j: G5(NH2)–G2(NH2);
k: G5(NH2)–G2(NH2); l: G2(H1′)–A6(NH2). The peaks linked by
horizontal lines represent incompletely filtered 15N-bound diagonal
protons. The splittings along ω2 (≈ 95 Hz) are due to the absence of
15N-decoupling during acquisition.
alignments were therefore not used as input restraints
during the structure computations.
Input restraints and structure calculations 
Distance restraints on the exchangeable protons were
qualitatively deduced from NOESY experiments in H2O
at two mixing times, and distance restraints on nonex-
changeable protons were quantified from NOE buildup
curves in D2O at five mixing times. The identified inter-
molecular restraints were classified as unambiguous and
are listed in Supplementary Table S2, whereas all other
restraints were classified as ambiguous during the compu-
tations. No hydrogen-bonding restraints were used during
the computations and, hence, no bias was introduced as to
which residues are involved in mispair formation, nor as to
the nature of the mispairing alignments. Furthermore, no
planarity restraints were used at any stage of the calcula-
tions. The observation of a single set of narrow resonances
for the d(GGAGGAT) sequence down to 0°C was consis-
tent with formation of a twofold-symmetric two-stranded
structure or, alternately, a threefold-symmetric three-
stranded structure. Therefore, noncrystallographic-sym-
metry restraints were used during the computations.
Solution structures of the d(GGAGGAT) sequence were
calculated using a distance geometry and molecular
dynamics approach including intensity refinement. Excel-
lent convergence was observed for a two-stranded struc-
ture after distance geometry computations whereas no
convergence was observed under similar conditions for a
three-stranded structure. This lack of convergence for a
three-stranded structure persisted even after inclusion of
hydrogen-bonding and planarity restraints. 
The NMR restraints are categorized in Table 1, and the
statistics that define the quality of the two-stranded
structures following each stage of the calculation are
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Figure 3
Identification of N–H•••N hydrogen-bond alignments. Expanded 2JNN
HNN–COSY contour plots correlating two-bond coupling
connectivities between donor and acceptor nitrogens within N–H••N
hydrogen-bond alignments across mismatch pairs in uniformly 
13C, 15N-labeled d(GGAGGAT) (1 mM single-strand concentration) in
H2O buffer, pH 6.6 at 0°C. (a) Two-bond coupling connectivities
between N1 imino donor and N7 acceptor nitrogens (boxed cross
peaks) across the G1(N7)•G4(N1 donor) and G4(N7)•G5(N1 donor)
mismatch pairs. Note that the N7 of G1 and G4 have been assigned by
an independent long-range heteronuclear single quantum coherence
(HSQC) experiment correlating N7 to known H8 proton. (b) Two-bond
coupling connectivities between N2 amino donor and N3 acceptor
nitrogens (boxed cross peaks) across the G2(N2 amino)•G5(N3) and
G5 (N2 amino)•G2(N3) mismatch pairs.
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Table 1
NMR restraints statistics for d(GGAGGAT) duplex structures.
Nonexchangeable Exchangeable
protons protons
Stage 1: Distance geometry and simulated annealing
Number of ambiguous NOE- 426 168
derived distance restraints
intraresidue 274 4
sequential (i, i + 1) 138 28
long range ≥ (i, i + 2) 14 136
Number of intermolecular NOE- 11 54
derived distance restraints
Stage 2: Distance restrained molecular dynamics*
Number of ambiguous NOE- 213 84
derived distance restraints
intraresidue 137 2
sequential (i, i + 1) 69 14
long range ≥ (i, i + 2) 7 68
Number of intermolecular NOE- 11 54
derived distance restraints
Stage 3: Relaxation matrix based NOE intensity refinement
Number of NOE intensity restraints on nonexchangeable protons
ambiguous† 1065
intermolecular 50
Number of NOE-derived distance restraints on exchangeable protons
ambiguous* 168
intermolecular 54
Additional restraints for all stages
Noncrystallographic-symmetry restraints On all heavy
atoms
*NOE distance restraints were SUM averaged during these stages:
number of monomers set to 2. †NOE intensity restraints were specified
ambiguously with multiple atom selection. The number is for five
NOESY data sets collected as a function of mixing time.
listed in Table 2. After metric matrix distance geometry
and simulated annealing (DGSA) regularization, 18 struc-
tures were selected out of 100 on the basis of on their low
covalent energy and their low input-restraint violations.
These DGSA structures are of very good quality, with a
relatively small number of violations and very good con-
vergence. These 18 structures were initially refined
against distance restraints and subsequently refined
against intensity restraints deduced from NOESY data
sets as a function of mixing time. Only 15 intensity-
refined structures showing very low R-factor values and
no distance violations larger than 0.2 Å were retained.
Three intensity-refined structures were discarded
because their energy was greater than the average of the
15 selected structures, they had more violations and did
not fully satisfy the hydrogen-bonding alignments
defined by the 2JNN coupling data. Two alternate views
of fifteen superpositioned intensity-refined structures of
the d(GGAGGAT) duplex with pairwise heavy atom root
mean square deviation (rmsd) values of 0.79 ± 0.20 Å are
plotted in stereo in Figures 4a and 5a.
Interlocked arrowhead motifs containing a central
hydrophobic core
Individual strands (in cyan and yellow) exhibit a sharp
turn, characteristic of an arrowhead, with the tip cen-
tered about the p-A3-p segment in the solution structure
of the d(GGAGGAT) duplex. This is most readily visu-
alized in two alternate views of the backbone of a repre-
sentative intensity-refined structure of the duplex
(Figures 4b and 5b). The 5′ ends of the symmetry-
related strands are in close proximity whereas their 3′
ends are pointed in opposite directions and are furthest
apart (Figures 4a and 5a).
The two V-shaped arrowhead-aligned strands interlock
onto each other (Figure 5c) to form a clasped duplex.
Thus, the stacked G1 and G2 bases of one strand are
sandwiched between the A6 base and G1 sugar of the
partner strand (Figures 4a and 5a) in the d(G1-G2-A3-
G4-G5-A6-T7) duplex.
The G4 bases play a key architectural role, as they are
sandwiched between the G1–A3 and G5–A6 segments of
their own strands (Figure 4c). In addition, the G4 residues
on symmetry-related partner strands form a hydrophobic
core in the center of the mismatch-aligned duplex.
Mismatch alignments
The two strands of the d(GGAGGAT) duplex are aligned
via formation of symmetry-related parallel-stranded
domains containing three distinct stacked mismatches as
shown in a representative structure in Figure 6a. The
duplex is therefore aligned by formation of six
purine•purine mismatches, with stacking of the unpaired
T7 (can be replaced by G7) base on the A3•A6 mismatch
pair at either end of the duplex (Figures 4a and 5a).
The outermost mismatch involves a reversed
A3(anti)•A6(anti) alignment stabilized by two hydrogen
bonds along the major-groove edge of both adenine
residues (shown in yellow in Figure 6b). The observed
interstrand NOEs between the amino protons of A6 and
the H8 proton of A3 and between the amino protons of A3
and the H8 proton of A6 (Figure 2b) are consistent with
the A3•A6 alignment in Figure 6b. This alignment is also
supported by the experimentally observed 2JNN scalar cou-
plings between the exocyclic N6 amino donor and the N7
atom acceptor nitrogens involving A3 and A6 [32], which
provide additional definitive evidence of reversed A3•A6
mismatch alignments in the d(GGAGGAT) duplex.
The next mismatch involves a reversed G2(anti)•G5(anti)
alignment stabilized by two hydrogen bonds along the
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Table 2
Quality of the d(GGAGGAT) duplex structures.
Parameter DG and SA structures Distance-restrained MD structures Relaxation-matrix MD structures
Convergence
pairwise rmsd values for all residues (Å) 0.97 ± 0.20 0.94 ± 0.28 0.79 ± 0.20
average rmsd values for all residues (Å) 0.67 ± 0.10 0.65 ± 0.22 0.54 ± 0.13
R factors
R1/6 0.065–0.073 0.063–0.073 0.036–0.038
unweighted R1 0.263–0.314 0.280–0.324 0.138–0.152
weighted R1 0.505–0.626 0.542–0.706 0.323–0.351
Number of distance violations (> 0.2 Å) 6–14 0 0*
Rmsd values of distance restraints (Å) 0.049–0.082 0.017–0.021 0.027–0.033
Rmsd values from ideal covalent geometry
bond length (Å) 0.009–0.010 0.005–0.007 0.011–0.014
bond angles (°) 1.468–1.568 2.159–2.466 2.804–3.266
impropers (°) 1.031–1.159 0.126–0.201 0.330–0.398
*The number of violations and the rmsd values for distance restraints during relaxation matrix MD refinement do not include restraints involving
nonexchangeable protons for which the force constant was scaled to zero during this stage of the calculation.
minor-groove edge of both guanine residues (shown in
magenta in Figure 6c). The imino protons of G2 and G5
are not involved in hydrogen bonding across the G•G mis-
match. The imino proton of G2 (10.27 ppm) is solvent-
exposed while the imino proton of G5 (13.10 ppm) can
hydrogen bond to the N7 of G4 of the partner strand in the
solution structure of the duplex. The chemical-shift and
line-width characteristics of the imino proton of G2 in the
d(GGAGGAT) duplex are similar to its guanine counter-
part in the parallel-stranded d(TCGA) duplex at acidic pH
[5,33] and also similar to the guanine residues participat-
ing in zipper-like interdigitation flanked by sheared G•A
mismatch pairs in the duplex formed by the centromeric
family of repeat sequences [6]. The observed interstrand
NOEs between the amino protons of G5 and the sugar
H1′ proton of G2 and between the amino protons of G2
and the sugar H1′ protons of G5 (Figure 2b) are consistent
with the G2•G5 alignment in Figure 6c. The observed
scalar couplings between the exocyclic N2 amino donor
and the N3 atom acceptor nitrogens between G2 and G5
(Figure 3b) provide additional definitive evidence of
reversed G2(anti)•G5(anti) mismatch alignments in the
d(GGAGGAT) duplex. We also observe a bifurcated
hydrogen bond between the imino and amino protons of
G5 and the N7 atom of G4 in the refined structures of the
duplex (Figure 6c). This alignment is supported by the
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Figure 4
Refined and representative structures.
(a) Superposed stereoview of 15 intensity-
refined structures of the d(GGAGGAT)
duplex. The individual strands are colored in
cyan and yellow, with the backbone
phosphates in red. The exocyclic phosphate
oxygens have been deleted in the interests of
clarity. (b) A stick depiction of the backbone
of a representative intensity-refined structure
of the d(GGAGGAT) duplex. The coloring is
the same as in (a) except that the phosphorus
atoms are colored red. (c) A space-filling view
of a representative intensity-refined structure
of the mismatch-aligned d(GGAGGAT)
duplex. Note that G4 is nestled within the
inside of its own arrowhead alignment. The
coloring scheme is the same as in (b).
observed NOE between the imino proton of G5 and the
H8 proton of G4 (cross peak g, Figure S1a; assigned to an
interstrand interaction on the basis of its observation in
the 15N-edited, 15N/13C-filtered NOESY experiment) and
the experimentally observed 2JNN scalar coupling between
the N1 imino donor of G5 and the N7 atom acceptor of G4
(Figure 3a). Our attempts to identify the expected 2JNN
scalar coupling between the N2 amino donor of G5 and
the N7 atom acceptor of G4 were unsuccessful. However,
the potential resultant weaker coupling constant could
reflect a longer hydrogen bond.
The innermost mismatch (shown in cyan in Figure 6d)
involves a G1(syn)•G4(anti) alignment stabilized by two
hydrogen bonds between the Hoogsteen edge of G1 and
the Watson–Crick edge of G4. The imino proton of G4
(13.85 ppm) is paired to the N7 of G1 while the imino
proton of G1 (10.66 ppm) is directed outwards towards
solvent. The observed interstrand NOE between the
imino proton of G4 and the H8 proton of G1 (peak d, Sup-
plementary Figure S1a) is consistent with the G1•G4
alignment in Figure 6d. This alignment is supported by
the experimentally observed 2JNN scalar coupling between
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Figure 5
Alternate views of refined and representative
structures. Panels (a–c) are related by 90°
rotation along the vertical helix axis relative to
their counterparts in Figure 4.
the N1 imino donor of G4 and the N7 atom acceptor of G1
(Figure 3a).
Parallel-stranded alignment of (G1-G2-A3)•(G4-G5-A6)
segments
The G1-G2-A3 and G4-G5-A6 segments of the
d(GGAGGAT) duplex are oriented parallel to each other
as shown in Figure 7a. This can be most readily visual-
ized by the directionality of the sugar-ring oxygen atoms,
which point in the same direction on both strands of the
duplex. The symmetry-related parallel-stranded seg-
ments composed of stacked A3•A6, G2•G5 and G1•G4
mismatches (Figure 7a) within the d(GGAGGAT)
duplex constitute a unique feature of the interlocked
arrowhead duplex motif. A similar parallel-stranded
three-mismatch-aligned stacked architecture has been
recently reported in the crystal structure of the RNA
leadzyme fold [34].
Comparison with interdigitative GGA zipper motif
Reid and collaborators have reported on an unusual fold
for the d(TGGAATGGAA) sequence, which self-pairs to
form an antiparallel duplex [6]. The internal guanines
within the GGA elements interdigitate into the helix
(‘zipper’ motif) and are capped on either side by sheared
G•A mismatch pairs within symmetry-related antiparallel
aligned (GGA)•(GGA) segments of the duplex [6]. By
contrast, the ‘arrowhead’ motif for the d(GGAGGAT)
sequence involves parallel alignment of (GGA)•(GGA)
segments via the formation of one A•A and two G•G mis-
matches (this study). Thus, the DNAs containing pairs of
GGA repeats can adopt distinctly different architectures
depending on the presence or absence of a short interven-
ing sequence. 
Same-strand and cross-strand stacking
We observe both same-strand and cross-strand stacking in
the solution structure of the d(GGAGGAT) duplex.
There is continuous stacking of G1 and G2 from one
strand with A6 and T7 of the partner strand, as well as
continuous stacking of A3 from one strand with G5 and G4
of the partner strand (Figure 4a).
The cross-strand stacking between the G2–A3 and the
G5–A6 steps, which are aligned in parallel, is shown in
Figure 7c. The G2•G5 mismatch (in magenta) is shown
below the A3•A6 mismatch (in cyan), with the cross-strand
stacking primarily between the six-membered rings of the
purines. This cross-strand stacking of G2 and A6
(Figure 7c) is supported by the interstrand NOEs
between the H8 proton of G2 and the H2 proton of A6
(Figure 2a), and the cross-strand stacking of G5 and A3
(Figure 7c) is supported by the interstrand NOEs
between the H8 proton of G5 and the H2 proton of A3
(Figure 2a). This cross-strand overlap between G•G and
A•A mismatches is very similar to the related overlap in
the solution structure of the parallel-stranded mismatch-
aligned d(TCGA) duplex at acidic pH [33]. 
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Figure 6
Mismatch hydrogen-bonding alignments. 
(a) A stick description of a representative
intensity-refined structure of the (G1-G2-A3-
G4)•(G4-G5-A6) segment of the
d(GGAGGAT) duplex. The backbone of one
strand is colored white and the partner strand
is colored orange. The three symmetry-related
mismatches are given distinct colors. (b) The
reversed Hoogsteen edge alignment of the
A3(anti)•A6(anti) mismatch pair in yellow.
(c) The reversed minor groove edge alignment
of the G2(anti)•G5(anti) mismatch pair in
magenta. In addition, note the pairing
alignment between the Watson–Crick edge of
G5 and the Hoogsteen edge of G4. (d) The
alignment of the G4(anti)•G1(syn) mismatch
pair in cyan.
The same-strand stacking within the G1–G2 step and
within the G4–G5 step, which are also aligned in parallel,
is shown in Figure 7d. The G1•G4 mismatch (in yellow) is
shown below the G2•G5 mismatch (in magenta), with the
same-strand stacking primarily between the five-mem-
bered rings of the purines.
It should be noted that the sugar rings of G1 and G2 are
stacked over the G1•G4 base pair in the solution struc-
ture of the d(GGAGGAT) duplex (Figure 7b). This
overlap geometry readily explains the majority of the
observed sugar proton upfield shifts listed in Supple-
mentary Table S1.
Chain reversal in arrowhead motif 
We have plotted the values of the glycosidic and back-
bone torsion angles amongst the 15 intensity-refined
structures of the d(GGAGGAT) duplex in attempts to
identify the origin of the chain reversal that spans the p-
A3-p segment of the arrowhead motif (Figure 7b). We
note that certain α and ζ O–P backbone torsion angles
within this segment are very different from their corre-
sponding values in B-form DNA. Thus, the averaged
values of the ζ (C3′–O3′–P–O5′) angle of 115° for the
G2–A3 step and 61° for the A3–G4 step amongst the
fifteen refined structures contrasts with the –95° value for
B-form DNA, as does the averaged value of the α
(O3′–P–O5–C5′) angle of –121° for the A3–G4 step, which
contrasts with the –47° value for B-form DNA.
Biological implications
The (G1–3An) purine-rich repetitive sequence is dis-
persed throughout the eukaryotic genome and is fre-
quently located within gene regulatory regions and
recombination hot spot sites [35]. Such sequences are
capable of forming intramolecular polymorphic struc-
tures stabilized by potential G•G, A•A and G•A mis-
match pairs [36]. The GGA step is a sequence element
of considerable biological significance, with (GGA)n
tandem repeats identified in sequences ranging from
the mouse WASP gene [37], which is the homolog of
the gene mutated in the Wiskott–Aldrich syndrome, to
regulatory elements governing cell-type-specific expres-
sion of neural cell adhesion molecule genes [38]. The
GGA element also forms part of the human
(GGAAT)n centromeric repeat [39].
Previous structural studies of self pairing of single GGA
steps identified a motif where two unpaired central gua-
nines inserted into the helix (zipper motif) were brack-
eted by sheared G•A mismatch pairs within an otherwise
antiparallel duplex segment [6]. Our identification of the
interlocked arrowhead motif in 10 mM Na+ cation solu-
tion for the (GGA)2 triplet repeat sequence adds to this
list of novel DNA architectures and highlights the poten-
tial of duplex formation solely via mismatch alignments
within local parallel-stranded segments. Additional
unique features of the arrowhead motif include the sharp
bend centered about the p-A3-p steps, the hydrophobic
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Figure 7
Base-stacking alignments. (a) The solution
structure of the (G1-G2-A3)•(G4-G5-A6)
segment in a representative intensity-refined
structure of the d(GGAGGAT) duplex. The
G1•G4, G2•G5 and A3•A6 mismatches are
colored cyan, magenta and yellow,
respectively. The backbones of partner strands
are colored orange and white, respectively,
with the phosphates colored in red. The sugar-
ring oxygens are colored green and are
oriented in the same direction for both strands,
characteristic of a parallel-stranded alignment
for this segment of the duplex. (b) White balls
identify the upfield-shifted sugar protons in the
NMR spectrum of the d(GGAGGAT) duplex.
Several of these protons are located either
over the plane of the G1•G4 mismatch pair or
over the plane of G5. The partner strands are
labeled in yellow and cyan, respectively, with
backbone phosphates in red. (c) Cross-strand
stacking between G2 and A6 and between G3
and A5 in the complex. The stacking primarily
involves the six-membered rings of the purines.
(d) Same-strand stacking within the G1–G2
and G4–G5 steps in the complex. The
stacking primarily involves the five-membered
rings of the guanines.
core centered about the G4 residues and the distribution
of same-strand and cross-strand stacking interactions
within the d(GGAGGAT) duplex. 
The only known case of an all-purine triplet in which
expansion leads to a human disease is the (GAA)n
repeat, which has recently been associated with the
onset of Friedrich’s ataxia [40]. A similar causative
role in human disease has yet to be identified for expan-
sion of (GGA)n repeats. It is conceivable that such G
plus A rich sequences can adopt unusual but as yet
undefined architectures [36], with pairing alignments
ranging from mismatches to triples, triads, tetrads and
still higher-order alignments. The current paper has
defined a new motif for the GGA-repeat element, and
undoubtedly other novel alignments await discovery. 
Materials and methods
Preparation of unlabeled and selectively labeled DNA
The d(GGAGGAT) and d(IGAGGAT) sequences were synthesized on
a 10 µM scale on an Applied Biosystems 392 DNA synthesizer using
solid phase β-cyanoethylphosphoramidite chemistry and were subse-
quently purified by high-pressure liquid chromatography (HPLC). The
details of the synthesis and purification of the d(G1-G2-A3-G4-G5-A6-
T7) sequence labeled with 15N at N1, N2 and N7 and 13C at C2 of G5
and with 15N at N1, N6 and N7 of A6 will be reported elsewhere. The
DNA oligomers in 5 ml volumes were dialyzed against five changes of
H2O, followed by dialysis against 100 mM NaCl, 5 mM Na-phosphate
buffer at pH 6.6 and final dialysis against ≈ 1 mM NaCl, 0.2 mM phos-
phate buffer at pH 6.6 and lyophilized.
Preparation of uniformly 13C, 15N-labeled 7-mer DNA
A modified version of the Zimmer and Crothers procedure [25] was
used for the enzymatic synthesis of uniformly 13C,15N-labeled
d(GGAGGAT). A 23mer d(ATCCTCCGGTAACGTACGTTAC[rC])
template-primer DNA sequence ending in a ribo residue was synthe-
sized by standard phosphoramidite chemistry on an automated DNA-
RNA synthesizer. The sequence was designed such that the last 16
residues would pair via formation of a self-complementary duplex while
the first 7 residues (underlined) were unpaired and had a sequence
complementary to d(GGAGGAT). The uniformly 13C,15N-labeled
dNTPs were purchased from Martex and used as building blocks in the
in vitro polymerization reaction catalyzed by MMLV reverse transcrip-
tase. A 10–20 ml reaction mixture containing 0.16 mM 23mer tem-
plate-primer, 0.7 mM each of individual 13C,15N-labeled dNTPs and
2 units/µl of MMLV reverse transcriptase was incubated for 12–14 h in
75 mM KCl, 3 mM MgCl2, 10 mM DTT, 50 mM Tris-HCl, pH 8.3 buffer
at 37°C. The reaction was terminated by ethanol precipitation
(3 vol/vol) in the presence of 0.3 M sodium acetate at pH 5.2. The
30mer that resulted upon completion of the polymerization reaction
was cleaved at the ribo-deoxy step by alkaline hydrolysis using 30%
NH4OH for 14 h at 55°C. The uniformly 13C,15N-labeled d(GGAGGAT)
7mer was separated from the unlabeled 23mer template using 22%
denaturing polyacrylamide electrophoresis. The DNA 7mer bands were
electroeluted from the gel and purified as described above for the non-
labeled samples.
NMR data collection and processing
NMR data on the DNA 7mers in H2O and D2O buffer (10 mM NaCl,
2 mM phosphate at pH 6.6) were collected on a Varian 600 MHz Unity
Inova NMR spectrometer. Proton assignments are based on homonu-
clear NOESY, correlation spectroscopy (COSY) and TOCSY and het-
eronuclear 1H,31P TOCSY experiments. Data sets were processed and
analyzed using the FELIX program (Molecular Simulations). Cross-
strand intermolecular NOEs were differentiated from their same strand
intramolecular counterparts by recording 13C-edited, 13C-filtered
NOESY [26,27] (mixing time = 200 ms) and 15N-edited, 15N/13C-fil-
tered NOESY [28,29] (mixing time = 200 ms) data sets on an equimo-
lar mixture of unlabeled and uniformly 13C,15N-labeled d(GGAGGAT)
sequences. Two-bond 2JNN scalar couplings between guanine N1 imino
donors and guanine N7/N3 nitrogen acceptors in uniformly 13C,15N-
labeled d(GGAGGAT) duplex were monitored in 1H,15N,15N COSY
contour plots using a pulse sequence described in the literature
[30,31]. This approach was extended to monitor related 2JNN scalar
couplings between guanine N2 amino protons and guanine N3 nitrogen
acceptors and between adenine N6 amino and adenine N7 nitrogen
acceptors [32].
Hydrogen-exchange measurements
Imino proton exchange times [41] for the d(GGAGGAT) duplex were
measured using saturation transfer [42] and inversion recovery experi-
ments with a DANTE pulse sequence [43] and a jump-return
sequence for water suppression [44]. The data were analyzed using
the VNMR program.
Distance restraints
The distances between nonexchangeable protons were estimated
from the buildup curves of cross-peak intensities in NOESY spectra at
five different mixing times (50, 100, 150, 200 and 250 ms) in 2H2O
and given bounds of ± 20% using two independent reference calibra-
tions. In one case, the thymine H6–CH3 distance of 2.99 Å, with (r3)1/3
averaging for methyl protons, was used as the reference. Alternately,
distances were referenced relative to the sugar H1′–H2′′ distance of
2.20 Å, which yielded comparable estimates of the restraints.
Exchangeable proton restraints are based on NOESY data sets at two
mixing times (60 and 200 ms) in H2O and given bounds of ± 20%.
Cross peaks involving exchangeable protons were classified as strong
(strong intensity at 60 ms), medium (weak intensity at 60 ms) and
weak (observed only at a mixing time of 200 ms), and proton pairs
were then restrained respectively to distances of 3.0 ± 0.6 Å,
4.0 ± 0.8 Å and 6.0 ± 1.2 Å. Interstrand NOEs were identified and dif-
ferentiated from their intrastrand counterparts by recording 13C-edited,
13C-filtered NOESY and 15N-edited, 15N/13C-filtered NOESY spectra
on a sample prepared with a 1:1 mixture of unlabeled and uniformly
13C, 15N-labeled d(GGAGGAT) sequences. These restraints allowed
us to determine the pairing alignments in the d(GGAGGAT) duplex
and permitted identification of symmetry-related reversed Hoogsteen
edge alignment for the A3(anti)•A6(anti) mismatch pairs, reversed
minor-groove edge alignment for the G2(anti)•G5(anti) mismatch pairs
and G4(anti)•G1(syn) mismatch alignments. No hydrogen bonds were
imposed for any of the three mismatches even though these were iden-
tifiable from NOE and scalar-coupling restraints. No planarity restraints
were used during any stage of the calculations. As the experimental
NMR data are consistent with a symmetrical duplex, noncrystallo-
graphic-symmetry restraints were imposed on all heavy atoms with a
force constant of 300 kcal mol–1 rad–1 for each pair of symmetry-
related strands in the d(GGAGGAT) duplex. No dihedral-angle
restraints were used in the computations.
Distance geometry and simulated annealing refinement
Metric matrix distance geometry calculations were performed with the
X-PLOR [45] program to embed and optimize initial structures. During
the embedding stage of the protocol the ambiguous distance restraints
were duplicated for each symmetry-related strand pair in the
d(GGAGGAT) duplex. The non-ambiguous interstrand distance
restraints obtained from the heteronuclear-edited and heteronuclear-fil-
tered NMR experiments were duplicated (but not for the constraint involv-
ing G1(H8) from one strand and G1(H8) of the other strand) because of
the twofold symmetry of the duplex. For optimization with the simulated
annealing DGSA protocol, all distance restraints were sum averaged in
X-PLOR, which allows for ambiguity in the atom specification in the input
distance restraints. The non-ambiguous distance restraints (interstrand
restraints determined by 15N and 13C-edited and 15N and 13C-filtered
experiments) were CENTER averaged [46]. Eighteen best structures
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after embedding and optimization were selected out of 100 attempts, on
the basis of their acceptable covalent geometry, low distance restraint
violations and favorable nonbonded energy values. Comparable to
protein structure determination where the restraints are incorporated
gradually, in this case we incorporated first the non-ambiguous restraints,
then the ambiguous restraints on the exchangeable protons and then the
ambiguous restraints on the non-exchangeable protons. The force con-
stant for all the distance restraints was kept at 50 kcal mol–1 Å–2. 
Distance restrained molecular dynamics refinement
The dynamics runs on the eighteen selected distance geometry struc-
tures were initiated in vacuum at 5K with X-PLOR using a distance-
dependent dielectric constant. The temperature was gradually
increased to 1000K in 5 ps and then equilibrated for an additional 1 ps.
The force constant for distance restraints was gradually increased from
2 to 50 kcal mol–1 Å–2 over 6 ps. The system was then allowed to
evolve during 20 ps at 1000K, and next slow-cooled to 300K in 14 ps
and equilibrated for 10 ps. The coordinates saved every 0.5 ps in the
last 4 ps were averaged. The resulting eighteen structures were submit-
ted to a conjugate gradient minimization over 2000 steps. All dynamics
were carried out with a time step of 1 fs. All distance restraints were
specified ambiguously with the SUM average option. The non-ambigu-
ous distance restraints deduced from the heteronuclear-edited and het-
eronuclear-filtered experiments were specified with the CENTER
average option. The noncrystallographic-symmetry restraints were main-
tained throughout the calculation. Hydrogen bonds and planarity were
not used at any time during the distance-restrained calculations.
Relaxation matrix intensity refinement
The eighteen distance-refined structures were optimized using the
relaxation matrix-based NOE intensity refinement in vacuum with
X-PLOR. NOE volumes from 213 ambiguous non-exchangeable cross
peaks for each of the five mixing-time NOESY data sets were used
and ambiguously specified with multiple-atom selection. NOE volumes
from 10 non-ambiguous cross peaks were used and in this case were
non-ambiguously specified for each of the five mixing times. All
volumes were used as restraints with bounds of 20% and the sum of
the corresponding calculated intensities were restrained to the
observed ones at this stage of the calculation. Noncrystallographic-
symmetry restraints were maintained and the R1/6 term was minimized
during the refinement [47]. Dynamics runs were initiated at 5K with
the system heated over 0.6 ps to 300K. Subsequently, the NOE inten-
sity restraints were gradually introduced with a final force constant of
300 kcal mol–1 Å–2 while the force constant on the distance restraints
of the non-exchangeable protons were gradually decreased from
50 kcal mol–1 Å–2 to 0 kcal mol–1 Å–2 over 1 ps. The system was then
equilibrated at 300K for 3.0 ps and the resulting structures were sub-
mitted to a conjugate gradient minimization over 100 steps. The force
constant on the exchangeable protons were maintained throughout
the computations. During the dynamics, a cutoff of 5.0 Å was
employed for computing relaxation pathways and an isotropic correla-
tion time of 3.75 ns was calculated using a grid search. Hydrogen
bonds and planarity were not used at any time during the intensity-
restrained calculations.
Three of the eighteen intensity-refined structures were discarded on
the basis of the following criteria: the total energy of the 15 selected
structures ranged between –208.0 and –131.3 Kcal mol–1 whereas
the three discarded structures had values of total energy of –85.5,
+68.6 and +98.8 Kcal mol–1. Two of the discarded structures had 5 to
6 violations, with several > 0.3 Å. The remaining discarded structure
showed high rmsd values for covalent geometry. The three discarded
structures had higher rmsds following comparison of each of these
structures with the average structure. Two of the three discarded struc-
tures position G1 between G2 and G5 of the partner strand. This pre-
vents formation of the G2•G5 mismatch identified experimentally on
the basis of 2JNN couplings. Further, none of the three discarded struc-
tures had the G1•G4 pairing identified experimentally on the basis of
2JNN couplings.
The representative structure was chosen from the 15 intensity-refined
structures on the basis of its lowest rmsd relative to the averaged
structure. The INSIGHT II (Molecular Simulations, Inc.) program was
used to generate the structures.
Accession numbers
NMR restraints (accession number: r1b3pmr) and coordinates (acces-
sion number: 1b3p) of the mismatch-aligned d(GGAGGAT) duplex
have been deposited in the Brookhaven Protein Data Bank.
Supplementary material
Supplementary material available with the internet version of this paper
contains two tables outlining proton chemical shifts and interstrand
NOEs, two figures outlining expanded NOESY contour plots in H2O
and D2O, and 1H,1H and 1H,31P TOCSY contour plots in D2O.
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Table S1
Proton* and phosphorus† chemical shifts (ppm) for the GGAGGAT duplex in 10 mM NaCl, aqueous buffer at 0°C.
G1 G2 A3 G4 G5 A6 T7
NH1 10.66 10.27 – 13.85 13.10 – 11.28
NH2 6.18‡ 9.04,5.61 9.1,7.5 NA 8.27,7.66 8.91,6.65 –
H6/H8 7.99 7.77 7.98 8.03 7.81 8.43 7.34
H2 7.9 7.47
H1′ 4.84 5.84 6.15 6.09 5.85 6.08 5.97
H2′ 2.13 2.54 1.97 1.59 2.86 2.84 2.05
H2′′ 2.50 2.62 2.52 2.12 3.02 2.73 2.16
H3′ 4.54 4.83 4.78 4.73 5.13 4.87 4.38
H4′ 3.02 3.51 4.44 4.36 4.62 4.42 4.01
H5′/5′′§ 3.28,3.52 3.63,3.74 3.68,3.05 4.02,4.09 4.07,4.20 4.18,4.46 4.12,3.99
P¶ –5.34 –3.74 –4.21 –5.33 –3.04 –3.98
*Several non-exchangeable protons exhibit significant upfield chemical
shifts in the mismatch-aligned d(GGAGGAT) duplex and include the
H1′ proton of G1 (4.84 ppm), H2′,2′′ protons of G4 (1.59, 2.12 ppm),
H4′ protons of G1 (3.02 ppm) and G2 (3.51 ppm) and the H5′,5′′
protons of G1 (3.28, 3.52 ppm), G2 (3.63, 3.74 ppm) and A3 (3.05,
3.68 ppm). We can explain a majority of these shifts because the H1′
and H4′ protons of G1 together with the H4′ and H5′,5′′ of G2 are
positioned over the G1•G4 mismatch pair (Figure 7b) while the H2′,2′′
protons of G4 are positioned over G5 (Figure 7b) in the solution
structure of the mismatch-aligned d(GGAGGAT) duplex. The upfield
shifts of the H5′,5′′ protons of A3 cannot be explained by ring current
effects but could reflect their positioning at the turn in the arrowhead
motif (Figure 7b). †The phosphorus resonance at the G5–A6 step is
shifted downfield to –3.04 ppm whereas the phosphorus resonances
at the G1–G2 and G4–G5 steps are shifted upfield to –5.33 ppm
(Figure S2a). The positioning of the G5–A6 phosphorus in the plane of
the A3•A6 mismatch pair (Figure 7a) may account for its downfield
shift while the positioning of the G1–G2 phosphorus over the G1•G4
mismatch (Figure 7b) may account for its upfield shift. The origin of the
upfield shift of the G4–G5 phosphorus resonance is not understood at
this time but may originate in the larger twist angle at the G4–G5 step
(Figure 7c) in the arrowhead motif of the mismatch-aligned
d(GGAGGAT) duplex. ‡The two amino protons are not hydrogen
bonded and have the same chemical shift. §The H5′/5′′ protons are not
stereospecifically assigned. ¶The listed phosphorus chemical shift is
that for residue n in an (n)–P–(n+1) step.
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Figure s1
NOESY contour plots in H2O and D2O.
(a) An expanded NOESY (200 ms mixing
time) contour plot correlating NOEs between
imino, amino and base protons in the
d(GGAGGAT) duplex (5 mM in single
strands) in H2O buffer, pH 6.6 at 0°C. The
cross peaks a to z and α to ζ are assigned as
follows: a: G4(NH1)-G2(NH1); b and b′:
G4(NH1)–G2(NH2); c and c′:
G4(NH1)–G5(NH2); d: G4(NH1)–G1(H8); e:
G4(NH1)–G1(H1′); f and f′:
G5(NH1)–G5(NH2); g: G5(NH1)–G4(H8); h
and h′: G2(NH1)–G2(NH2); i:
G2(NH1)–A6(H8); j: G2(NH1)–A6(H1′); k:
G2(NH1)–G5(H1′); l: A3(NH2)–A6(H8); m:
A3(NH2)–A3(NH2); n: A3(NH2)–G5(H1′); o:
A3(NH2)–G5(H2′′); o′: A3(NH2)–G5(H2′); p:
G2(NH2)–A6(H8); q: G2(NH2)–G5(NH2); r:
G2(NH2)–G5(NH2); s: G2(NH2)–G5(H1′); t:
G2(NH2)–G2(NH2); u: G2(NH2)–G5(H4’); v:
A6(NH2)–A3(H8); w: A6(NH2)–A3(NH2); x:
A6(NH2)–A6(NH2); y: A6(NH2)–G2(H1′); z:
A6(NH2)–G2(H2′′); z′: A6(NH2)–G2(H2′); α:
G5(NH2)–G1(H8); β: G5(NH2)–G5(NH2); γ:
G5(NH2)–G2(H1′); δ: G5(NH2)–G2(NH2); ε:
G5(NH2)–G1(H1’); ζ: G5(NH2)–G2(H4’).
(b) An expanded NOESY (250 ms mixing
time) contour plot correlating NOEs between
the base (7.2 to 8.6 ppm) and sugar H1′ (4.8
to 6.2 ppm) protons in the d(GGAGGAT)
duplex in D2O buffer, pH 6.6 at 0°C. The lines
trace the NOE connectivities between the
base protons and their own and 5′-flanking
sugar H1′ protons from G1 to T7 in the
sequence. The cross peaks a to d are
assigned as follows: a: A3(H2)–A3(H1′); b:
A3(H2)–G5(H1′); c: A6(H2)–A6(H1′); d:
A6(H2)–T7(H1′).
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Expanded 1H,1H and 1H, 31P TOCSY contour plots. (a) A one
dimensional broad band proton decoupled 31P spectrum of the
d(GGAGGAT) duplex in D2O buffer (10 mM NaCl, 2 mM phosphate),
pH 6.6 at 0°C. The phosphorus chemical shifts are referenced relative
to the phosphorus of trimethylphosphate. (b) Expanded contour plots
of 1H-1H TOCSY (left panel) and 1H–31P TOCSY (right panel)
experiments on the d(GGAGGAT) duplex in D2O buffer, pH 6.6 at
0°C. Individual phosphorus atoms are linked through coupling
connectivities to the H3′ proton (three bond P-H3′ coupling) towards
the 5′ direction and to the H4′ proton (four bond P-H4′ coupling)
towards the 3′ direction in the 1H–31P TOCSY contour plot shown in
the right panel. The H3′ and H4′ protons are linked to the remaining
sugar protons within individual sugar rings in the 1H–1H TOCSY
contour plot shown in the left panel. Such an approach permits sugar
proton assignments to be made using a through-bond correlation
approach along the sugar-phosphate backbone of individual DNA
strands.
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Table S2
Non-ambiguous interstrand NOEs used in the structure calculations of the d(GGAGGAT) duplex*
G1 G2 A3 G4 G5 A6 T7
H8 H1′ H2′′ H1 H21 H22 H8 H1′ H2′ H2′′ H4′ H61 H62 H2 H8 H1 H8 H1 H21 H22 H8 H1′ H2′′ H61 H62 H2 H8 H1′ CH3
H8 l l l † l
G1 H1′ l
H2′′ l
H1 l l
H21 l l l l
H22 l l l
G2 H8 l
H1′ l l l l
H2′ l l
H2′′ l l
H4′ l l
H61 l l
A3 H62 l l
H2 l l
H8 l l
G4 H1 †
H8 l
H1 l
H21 l l l l l
G5 H22 l l l l
H8 l
H1′ l l
H2′′ l
H61 l l l l
H62 l l l l
A6 H2 l
H8 l l l l
H1′ l
T7 CH3 l l
*A total of 65 unambiguous restraints were identified based on cross peaks observed in 13C/N15-
edited, 13C/15N-filtered NOESY data sets. These are distributed between 54 restraints involving
exchangeable protons and 11 restraints between non-exchangeable protons. Note that there are
32 unique restraints related to 32 others by symmetry and one restraint between G1(H8) protons
on partner strands.†An experimentally observed inter-strand NOE between G4(H1) and G1(H8)
was not used in the restraints set during the computations. Nevertheless, the refined structures
satisfy this experimental restraint.
